We report the implementation of Au-doped graphene film as a transparent and current-spreading electrode (TCSE) in GaN-based near-ultraviolet (UV) light-emitting diode (LED) to achieve good UV emission efficiency. The TCSE effects of Au-doped graphene film were clearly seen in both the electroluminescence (EL) and current-voltage (I-V ) characteristics. The EL output power of 380-nm wavelength UV-LEDs with Au-doped graphene film was enhanced by about 20% at an injection current of 20 mA compared with that of conventional UV-LEDs. The increase of the light output power is attributed to the high UV transmittance of graphene, effective current spreading, and injection. # 2012 The Japan Society of Applied Physics G aN-based ultraviolet (UV) light-emitting diodes (LEDs) are of special interest for their use in germicidal instrumentation, biological agent identification, chemical sensing, fluorescence excitation, and optical data storage.
G aN-based ultraviolet (UV) light-emitting diodes (LEDs) are of special interest for their use in germicidal instrumentation, biological agent identification, chemical sensing, fluorescence excitation, and optical data storage. 1) In particular, GaN-based near-UV LEDs of wavelengths around 380-400 nm are being widely used as efficient pumping sources for organic and inorganic luminescent materials for white-light generation.
2) However, UV LEDs have suffered from low external quantum efficiency, mainly due to high threading dislocation density, high activation energy for Mg-doped p-GaN, and high optical absorption in the p-GaN clad/contact layers. In particular, typical p-type thin GaN layers with high lateral sheet resistance and low carrier mobility resulted in severe current crowding under the vertical direction of the electrode and low current spreading through the full emitting area. The p-type electrode requires both low contact resistance with p-type GaN and high transmittance for the extraction of photons from active layers. Indium tin oxide (ITO) has been widely used as transparent conducting electrodes (TCEs) in solar cells and LEDs. However, the ITO layer has appeared to be problematic due to the absorption in the UV region. 3, 4) Therefore, an alternative transparent electrode is required with both optical and electrical performances similar to or better than those of ITO but without having drawbacks in the UV region.
Graphene, a monolayer planar sheet of sp 2 -bonded hexagonal carbon atoms, has been attracting much attention owing to its fascinating physical properties such as quantum electronic transport characteristics, high intrinsic mobility, thermal conductivity, and high optical transmittance. [5] [6] [7] [8] [9] The graphene with superb optical and electrical merits has drawn attention for applications as a TCE material in optoelectronic devices. Several pioneering works have reported applications of graphene films as TCE in GaN-based LEDs. 10, 11) Though graphene has a high mobility and transmittance, some difficulties arise when applied to GaN-based LEDs due to the difference in work function between bare graphene and p-GaN layer and high sheet resistance of graphene layer, resulting in a high forward operating voltage and low light output power.
To realize the practical graphene electrode, a method to resolve those disadvantages of graphene should be developed.
Chemical charge transfer doping has been shown to increase the work function of graphene as a result of the modification of the Fermi level. 12, 13) Notably, doping can reduce the sheet resistance and thus improve the conductivity.
12)
Chandramohan et al. 14) introduced work-function-tuned multi layer graphene films by aqueous gold chloride (AuCl 3 ) chemical doping as a TCE for the GaN-based blue LEDs.
In this work, we fabricated near-UV LED with an emission wavelength of 380 nm with a pristine graphene film as a transparent and current-spreading electrode (TCSE). To enhance the optoelectrical performance of the near-UV LED, the Au-doped graphene film was transferred onto the near UV LED as a TCSE.
The AlInGaN-based UV LEDs were grown on a sapphire substrate by metal organic chemical vapor deposition. A 30-nm-thick GaN buffer layer was deposited on the sapphire substrate at 550 C, before the growth of an undoped GaN layer with a thickness of 1.5 m and a Si doped n-GaN layer with a thickness of 2.0 m at 1040 C. Then, five pairs of In 0:04 Ga 0:96 N QWs and Al 0:08 Ga 0:92 N barrier layers with thicknesses of 2 and 12 nm, respectively, were grown at 800 C. Finally, a 25-nm-thick Mg-doped p-Al 0:25 Ga 0:75 N electron blocking layer and a 100-nm-thick p-GaN contact layer were grown at 1040 C. After the growth, the mesa region was defined by an inductively coupled plasma etcher using Cl 2 and BCl 3 gases until n-GaN layer for the n-electrode contact was exposed. Large-scale graphene layers were synthesized on a $70-m-thick Cu foil by chemical vapor depostion. Details can be found in ref. 15 . Then, AuCl 3 in nitromethane was spin coated (speed at 2000 rpm) for 60 s on the graphene-transferred UV LED. The sheet resistance and transmittance of graphene are strongly dependent on AuCl 3 concentration. 12, 14) Typical sheet resistance and transmittance of the doped graphene film under optimum condition were about 90 /Ã and 93%, respectively, obtained at a AuCl 3 concentration of 10 mM. 12) In order to fabricate the electrode, the as-grown and doped graphene films were transferred twice onto the pre patterned LED epilayers with a mesa of dimension of 315 Â 315 m 2 . Hence, in overall, bilayer graphene film was applied as TCSE in this work and the thickness of the bi-layer graphene can be approximated as the interlayer distance of the bilayer, 0.38 nm, as confirmed by transmission electron microscopy. 15) To prevent oxidation of GaN-LED and strengthen the adhesion between p-GaN and graphene film, the substrate was annealed under a gas flow rate (H 2 : Ar ¼ 90 : 10 sccm) for 30 min at 500 C. Although the nature of adhesion of graphene to GaN is unexplored, it is expected that the dipole field due to partially ionic bonding character of GaN gives rise to adhesion between graphene and GaN to be stronger than van der Waals interaction or physisorption. In fact, the density functional calculations shows the binding energy of 0.16/GaN pair, 16) indicating that the adhesion between graphene and GaN is quite strong and robust. The graphene films were patterned with an inductively coupled plasma etcher using oxygen plasma. Finally, Cr (50 nm)/Au (250 nm) metals for the p-and an n-electrodes were deposited onto both the graphene films and the n-GaN layer using electron beam evaporator. For comparison, the near-UV LED with ITO electrode was labeled as a conventional LED.
To understand the doping effect, we obtained Raman spectra of the graphene films. Two prominent peaks in the Raman spectra of pristine and Au-doped graphene films were observed: a G-band associated with phonons of the doubly degenerated zone center E 2g mode at the À point and a 2D band involving two phonons with opposite momentum in the highest optical branch near the K point of the Brillouin zone, i.e., A 0 1 symmetry at K. 17) Raman spectra show a feature similar to that of monolayer graphene, i.e., 2D-to-G intensity ratio greater than 1 and symmetric 2D band with a full width at half maximum of 30 cm À1 . It is well known that the peak position of the G band changes depending on the doping. In the case of p-type doping, the G band position upshifts due to the phonon stiffening effect by charge extraction. 18, 19) The G band has shifted about 10 cm À1 from 1585 cm À1 of pristine graphene to 1595 cm À1 of Au-doped graphene as shown in the inset of Fig. 1(a) . It is also found that the 2D band exhibits an upshift of the peak position compared with that in the corresponding pristine graphene due to the diffused Au atoms replacing carbon atoms or occupying single and multiple vacancies in the graphene film. 20, 21) Moreover, the D band located at around 1360 cm À1 , which is related to levels of defects, local disordered carbon, wrinkles or edges in graphene film, 22) is slightly increased after the doping with AuCl 3 . The increased D band in the Au-doped graphene film indicates the formation of disorders or defects caused by the Au atoms incorporated in the graphene film. 20, 21) The optical transmittance is important when the top electrode film is used as the TCE in LEDs because the light extraction efficiency of LEDs is strongly dependent on the transmittance of TCE. Figure 1(b) shows the transmittance spectra of pristine graphene, Au-doped graphene, and 200-nm-thick ITO layer as a function of wavelength after being transferred onto the glass substrate. The transmittances of pristine and Au-doped graphene film were found to be 92 and 88.5%, respectively, at the wavelength of 380 nm, whereas that of ITO is approximately 74%. Unlike the ITO film that only showed reasonable transmittance for wavelengths of 400 to 800 nm, the pristine and Au-doped graphene films revealed good transmittance throughout the entire wavelength range investigated including the UV region. The loss in optical transmittance of the graphene film after Au doping was about 3.5% owing to Au nanoparticles acting as a scattering center for the light. The change in sheet resistance of graphene after doping was examined by a four-probe measurement; the sheet resistance was 90 /Ã for the Au-doped graphene, much lower than the value of 500 /Ã for pristine graphene due to the Au atoms diffused in the graphene film. 20) Figure 2 shows the UV photoelectron spectroscopy (UPS) around the secondary-electron threshold region for pristine and Au-doped graphene film. The work function È is determined from the secondary-electron threshold energy as È ¼ h À ðE F À E cutoff Þ, where h, E F , and E cutoff are the photon energy of the excitation light (21.22 eV), the Fermi level edge (21.55 eV in this work), and the inelastic high-bindingenergy cutoff, respectively. The E cutoff is determined by using a linear extrapolation of the high-binding-energy cutoff region of the UPS spectra, as shown in Fig. 2 . E cutoff of the pristine graphene film was determined to be 4.84 eV, corresponding to a work function of 4.51 eV, which is similar to values in a previous report.
23 ) The work function of the Audoped graphene was increased to 4.90 eV, as a result of the downshift of the Fermi level with respect to the Dirac point due to the depletion of electrons from the graphene. at an input current of 20 mA was found to be 5.85, 3.98, and 3.92 V for LEDs of current-spreading electrodes with pristine graphene film, Au-doped graphene film, and conventional ITO layer, respectively. The V f value for UV-LED with Au-doped graphene films was close to that for the conventional LED with a planar ITO conducting layer. On the other hand, the V f of the LED with a pristine graphene film was higher than those of LEDs with a Audoped graphene film or a conventional ITO layer, because of the high sheet resistance and work function difference between p-GaN and graphene film that leads to a large ohmic drop. However, the Au-doped graphene film yielded a lower contact resistance of the ohmic junction, due to the reduced sheet resistance and small work function difference between p-GaN and the graphene film.
14)
The EL spectra of InGaN/AlGaN MQW UV-LEDs with various TCSEs examined in Fig. 3 is shown in Fig. 4 . All UV-LEDs investigated in this work were well operated at 380 nm emission wavelength at an injection current of 100 mA, as shown in Fig. 4 . The EL intensity for the UV LED with the pristine graphene electrode were poor compared with those of the other electrodes due to the large voltage drop across the contact and graphene electrode caused by the high contact resistance. However, the emission power of the UV-LED with the Au-doped graphene electrode was enhanced, by about 20% compared with that of the conventional planar ITO. It can be attributed to the potential benefits of the graphene electrode of higher optical transmittance, effective current spreading due to reduced sheet resistance, and enhanced hole injection efficiency toward the p-GaN surface by the reduced work function difference between p-GaN and the graphene electrode. Further efficiency enhancement can be expected in GaN-based UV LEDs using graphene as their electrical properties are improved further.
In conclusion, we applied an Au-doped graphene film as transparent and current-spreading electrodes in InGaN/ AlGaN MQW UV LEDs to optimize the electrooptic characteristics. The I-V characteristics and EL output power performance showed that the Au-doped graphene film can be used in UV LED devices as transparent and currentspreading electrodes. 
